
United States Patent [19] 
Weinberger et a]. 

[ill I III llllllllli llll Ill llll llll Llll llll III 111 Ill 
325A US005777 

[11] Patent Number: 5,777,325 
[45] Date of Patent: Jul. 7, 1998 

[54] DEVICE FOR TIME LAG FOCUSING TIME 
OF-FLIGHT MASS SPECTROMETRY 

[75] Inventors: Scot R. Weinberger. Montara; Edward 
P. Donlon. San Jose: Yevgeny Kaplun. 
Mountain View; Tor C. Anderson. Palo 
Alto. all of Calif.; Liang Li. Edmonton. 
Canada; Larry Russon. Edmonton. 
Canada; Randy Whittal. Edmonton. 
Canada 

[73] Assignee: Hewlett-Packard Company. Palo Alto. 
Calif. 

[21] Appl. No.: 643,708 

[22] Filed: May 6, 1996 

[s11 rm. c1)‘ .................................................... .. 1101.] 49/40 
[52] us. c1. ........................................... .. 250/287; 250/281 

[58] Field of Search ................................... .. 250/287. 281. 
250/282. 288.397 

[56] References Cited 

U.S. PATENT DOCUMENTS 

4,472,631 9/1984 Enke et a]. 250/287 
5.202.563 4/1993 Cotter et a1. .. .. 250/287 

5,464,985 11/1995 Oornishetal. 
5,498,545 3/1996 Vestal ......... .. 436/47 
5,504,326 4/1996 Reilly et a1. .. 250/282 
5,510,613 4/1996 Reillyet a1. .... .. 250/287 
$594,243 1/1997 Weinberger et al. ................. .. 250/288 

FOREIGN PATENT DOCUMENTS 

2278494 11/1994 United Kingdom . 

OTHER PUBLICATIONS 

Kinsel. et al.. Post Source Pulse Focusing: A Simple Method 
to Achieve Improved Resolution in a Time-of-Flight Mass 
Spectrometer. International Journal of Mass Spectrometry 
and Ion Processes. 91 (1989). pp. 157-176. 
Martin. et al.. The Importance of the Time-Lag Parameter in 
a Laser/Time-of-Flight Mass Spectometer. International 
Journal of Mass Spectrometry and Ion Processes. 77 (1987). 
pp. 203-221. 

Colby. et al.. Space-Velocity Correlation Focusing. Ana 
lytical Chemistry. vol. 68. No. 8. Apr. 15. 1996. pp. 
1419-1428. 
Tabet. et al.. Time-Resolved Laser Desorption Mass Spec 
trometry. 11. Measurement of the Energy Spread of Laser 
Desorbed Ions. International Journal of Mass Spectrometry 
and Ion Processes. 54 (1983). pp. 151-158. 

Wiley. et al.. Time-of-Flight Mass Spectrometer with 
Improved Resolution. The Review of Scienti?c Instruments. 
vol. 26. No. 12. Dec. 1955. pp. 1150-1157. 

Stein. Space and Velocity Focusing in Time-of-Flight Mass 
Spectrometers. International Jounal of Mass Spectrometer 
and ion Physics. 14 (1974). pp. 205-218. 

Marable. et al.. High-Resolution Time-of-Flight Mass 
Spectrometry—Theory of the Impulse-Focused Time-of 
-Flight Mass Spectrometer. International Journal of Mass 
Spectrometry and Ion Physics. 13 (1974). pp. 185-194. 

Ogorzalek Loo. et al.. State-Resolved Photofragment Veloc 
ity Distributions by Pulsed Extraction Time-of-Flight Mass 
Spectrometry. J. Phys. Chem. 1988. 92. pp. 5-8. 

(List continued on next page.) 

Primary Examiner-Kiet T. Nguyen 

[57] ABSTRACT 

A laser desorption ionization instrument for and method of 
measuring the molecular weight of large organic molecules 
includes a time of ?ight mass spectrometer (TOF MS). The 
TOP MS instrument provides optimized optic design for 
both DC and TLF modes. The invention further provides 
dynamic resolution enhancement for a given ejection pulse. 
along with optimized ion ejection pulses relative to the ion 
optic elements. The invention also provides means for 
compensating for dilference in total kinetic energy among 
ions of di?terent mass; high resolution detection means for 
improved sensitivity for large molecular weight species. The 
invention further provides x-y-z stage for sample presenta 
tion of both standard MALDI and gel or membrane based 
samples. 

34 Claims. 14 Drawing Sheets 

———————————————————— —— G1 

MCP 1 ] 

MCP 2 J 

moor 



5,777,325 
Page 2 

UI‘ HER PUBLICATIONS 

Ioanoviciu. et al.. Time Focusing Magnetic Wedge-Field 
Sectors for Time-Resolved Ion Momentum Spectrometry. 
Rapid Communications in Mass Spectrometry. vol. 9. 
(1995). pp. 1238-1240. 
Bakker. Time-Focusing Time-of-Flight Mass Spectrom 
etry. Dynamic Mass Spectrometry. vol. 4. pp. 25-37. Has no 
dated. 
Tabet. et al.. Laser Desorption Time-of-Flight Mass Spec 
trometry of High Mass Molecules. Anal. Chem.. 1984. 56. 
pp. 1662-1667. 
Tabet. et al.. Time-Resolved Laser Desorption. H1. The 
Metastable Decomposition of Chlorophyll-t1 And Some 
Derivatives. International Journal of Mass Spectrometry and 
Ion Processes. 65 (1985). pp. 105-117. 
Meron. Design and Optimization of 'I‘irne-of-Flight Spec 
trometers. Nuclear Instruments and Methods in Physics 
Research A291 (1990). pp. 637-645. 
Ioanoviciu. Ion-Optical Solutions in Time-of-Flight Mass 
Spectrometry. Rapid Communications in Mass Spectrom 
etry. vol. 9. (1995). pp. 985-997. 
Kinsel. et al.. Resolution Enhancement in Linear Time-of 
Flight Mass Spectrometry by Post-Source Pulse Focusing. 
International Jounal of Mass Spectrometry and Ion Pro 
cesses. 104 (1991). pp. 35-44. 
Yefchak. et al.. Models for Mass-Independent Space and 
Energy Focusing in Time-of-Flight Mass Spectrometry. 
International Journal of Mass Spectrometry and Ion Pro 
cesses. 87 (1989). pp. 313-330. 
Whittal. et al.. High-Resolution Matrix-Assistsed Laser 
Desorption/Ionization in a Linear Time-of-Flight Mass 
Spectrometer. Anal. Chem. 1995. 67. pp. 1950-1954. 
Stein. On Time Focusing and Phase Space Dynamics in 
Tirne-of-Flight Mass Spectrometer Design. International 
Journal of Mass Spectrometry and Ion Processes. 132 
(1994). pp. 29-47. 
Breuker. et al.. Pulsed Ion Extraction to Improve the Mass 
Resolution in a Low-Acceleration-Energy Linear-TOP 
Maldi Instrument. Institute for Medical Physics and Bio 
physics. Germany. 4 pages. Has no dated. 
Juhasz. et al.. Applications of Delayed Extraction Matrix 
-As sisted Laser Desorption Ionization Time-of-Flight Mass 
Spectrometry to Oligonucleotide Analysis. Anal. Chem. 
1996. 68. pp. 941-946. 
Colby. et al.. Space-Velocity Correlation Focusing. submit 
ted to Anal. Chem. Jul. 14. 1995. pp. 1-50. 
Colby. et al.. Improving the Resolution of Matrix-Assisted 
Laser Desorption/Ionization Time-of-Flight Mass Spec 
trometry by Exploiting the Correlation between Ion Position 
and Velocity. Rapid Communications in Mass Spectrometry. 
vol. 8. (1994). pp. 865-868. 
Schuerch. et al.. Enhanced Mass Resolution in Matrix-As 
sisted Laser Desorption/Ionization Linear Time-of-Flight 
Mass Spectrometry. Biological Mass Spectrometry. vol. 23. 
(1994). pp. 695-700. 

Grundwurmer. et al.. High-Resolution Mass Spectrometry 
in a Linear Tirne-of-Flight Mass Spectrometer. Intema 
tional Journal of Mas Spectrometry and Ion Processes. 131 
(1994). pp. 139-148. 
Brown. et al.. Mass Resolution Improvement by Incorpora 
tion of Pulsed Ion Extraction in a Matrix-Assisted Laser 
Desorption/Ionization Linear Time-of-Flight Mass Spec 
trometer. Anal. Chem. 1995. 67. pp. 1998-2003. 
Kinsel. et al.. High-Resolution Mass Spectrometry of Large 
Molecules in a Linear Time-of-Flight Mass Spectrometer. 
American Society for Mass Spectrometry. 1993 . 4. pp. 2-10. 
Ioanoviciu. Linear Time-of-Flight Mass Spectrometers: 
Postsource Pulse Focusing Conditions and Mass Scale. 
American Society for Spectrometry. 1995. 6. pp. 889-891. 
King. et al.. High Resolution Maldi-TOF Mass Spectra of 
Three Proteins Obtained using Space-Velocity Correlation 
Focusing. International Journal of Mass Spectrometry and 
Ion Processes. 145 (1995). pp. L1-L7. 
Vestal. et al.. Delayed Extraction Matrix-Assisted Laser 
Desorption Time-of-Plight Mass Spectrometry. Rapid 
Communications in Mass Spectrometry. vol. 9. (1995). pp. 
1044-1050. 
Park. et al.. An Inductive Detector for Time-of-Flight Mass 
Spectrometry. Rapid Communications in Mass Spectrom 
etry. vol. 8. (1994). pp. 317-322. 
Brown. et al.. Mass Resolution Improvement by Incorpora 
tion of Pulsed Ion Extraction in a Mau'ix-Assisted Laser 
Desorption/Ionization Linear Time-of-Flight Mass Spec 
trometer. accepted by Analytical Chemistry. Rev. Apr. 3. 
1995. pp. 1-23. 
Spengler. et al.. The Detection of Large Molecules in 
Matrix-As sisted UV-Laser Desorption. Rapid Communica 
tions in Mass Spectrometry. vol. 4. No. 9. 1990. pp. 
301-305. 
Fraunberg. et al.. Collision-Induced Electron Emission from 
Surfaces in Negative-Ion Time-of-Flight Mass Spectrom 
etry. International Journal of Mass Spectrometry and Ion 
Processes 133 (1994). pp. 211-219. 
Kaufmann. et al.. Secondary-Ion Generation from Large 
keV Molecular Primary Ions Incident on a Stainless-Steel 
Dynode. Rapid Communications in Mass Spectrometry. vol. 
6. (1992). pp. 98-104. 
Muga. Velocity Compaction-Theory and Performance. 
Analytical Insn'umentation. 16(1). (1987). pp. 31-50. 
TOFTEC Introduces the VCMS-l. The Only High Mass 
Resolution Time-of-Flight Mass Spectrometer with Pat 
ented Velocity Compaction (VC) Ion Focusing. contact: 
Toftec. P.O. Box 15358. Gainesville FL32604. 6 pages. Has 
no dated. 

Erickson. et al.. Mass Dependence of Time-Lag Focusing in 
'I‘ime-of-Flight Mass Spectrometry-an Analysis. Intema 
tional Journal of Mass Spectrometry and Ion Processes. 97 
(1990). pp. 87-106. 



US. Patent Jul. 7, 1993 Sheet 1 of 14 5,777,325 

- R mm mm. emmghmm 

Nv 

“mv If 

V 3389i 
Set 96.5 . mm H 

mm.“ mvk 
R‘ h mm 1 f pow 
ow \ 

NMRA RN 



US. Patent Jul. 7, 1998 Sheet 2 of 14 5,777,325 

m“ GE 

g Lmm 

Qua cocEomQ 
381/ m 5 NM .0 n “ ??cmEmE Bum» 
QIQMUM .UIIMDW 

_ _ 

m “ BESmS 

3% a2: 





US. Patent Jul. 7, 1998 Sheet 4 of 14 5,777,325 

GROUND EXTRACTOR 1 EX TRACTOR 2 

10 
1 

25 25 [AG PERIOD 
5K V ION 0 25 .30 
SECTION PULSE 

Copper Gri 
Secondary 
Ion Generator m w f G 

Anode Viriual 
Ground 

FIG. 4 



5,777,325 US. Patent Jul. 7, 1993 Sheet 5 of 14 

F1 FIG. 5A 
Prepare Sample 

r-F? 
X-Y-Z 

F7 5 Stage 
GEL } rF 12 

sample Membrane 
F8 Sample 
x 

F2 Dry GEL t r-FIJ 
f Fasten to 

Probe F4 l r F9 Stage 
1 f Fasten i 

Load Sample to Stage Soak w/ 
of? Matrix i Matrix 
" Times Soak in 

F31 MOtI’I'X LFIO \F14 
Load Mixture 

of Sample and [F75 
Matrix L_ ‘d IqUl 

[F5 \ n It”, Sample 
Vacuum Vacuum i 

Crystalize Crystalize F75 Load samp/e 
Premixed 
with Matrix 

F771 Load Sample 
and Load Matrix 

(n) Times 

Insert Probe CR X- Y-Z Stage 
into Instrument Sample Lock 

i 
Pump Out Lock f-ng 

t F20 
Open Gate Valve 

t IP21 Insert Sample 

Stabilize Source and Analyzer Pressure 
l 

,-F25 fF24 J, ; F23 
Energize __ 06223:’ Raise Source Patentials/ 
Detector Mode Energize 



US. Patent Jul. 7, 1998 Sheet 6 of 14 5,777,325 

FIG. 58 
t t I 

00 Operation F26 TLF Operation firm 

i ;F27 * [F41 

* {F28 1' [F42 Raise Deflector Raise Deflector 

* F29 * F43 
Fire Laser Fire Laser I” 

1' {F30 * fr44 
Laser Pulse Emission Laser Pulse Emission 

i i F51 F45 
Laser Pulse Split r Laser Pulse Split r 
In Laser Train ln Laser Train 

masL F___i_-_{ [+132 F461 r'———§ rrso 
Laser Strike Laser Pulse gfggtegm? Lqser Pulse 

Trigger Photodiode Directed to Sample Trigger D'gfded/ to 
Photodiode amp 6 

F377 fF38 [F33 F4711, ‘—§;F4a ‘1 [I31 
Begin Trigger Data Laser Pulse Begin Begin Laser Pulse 

De?ection Acquisition Striker Deflection Lag Striker 
limer A/D Converter Sample Timer Time Sample 

t t j t 
_ F52 _ 

Laser I-FJQ F341 Desorption Lower % Desorption 
Deflector Ionization Deflection Ionization 

After Occurs After Occurs 
lime Out Q Time Out ; F35 F53 

\ Ions Accelerate LF49 k Ions Drift 
Out of Source In R-{i and 
Into Free Flight lon Ejection 

I F54‘ Pulse :pplied 
;—___ 

F551 I St .k lons Accelerate 
05st t” 6 Out of Source 
8 86 or Into Free Flight 

F561 & | Pre Amplify 
Signal 

r57I + A/D Digitizes 
Signal 

F581 t Display 
Data 

FIG. 5 



U.S. Patent Jul. 7, 1998 Sheet 7 of 14 5,777,325 

II: 

Rep-E7 Capacitance 51-52 Capacitance E2-Gnd Capacitance 

FIG. 6 

Elevated Edge 

[P 7 [P3 Retaining Grid 

\ Gel or 
X- Y-Z Platform Membrane 

R’ 914 1 

FIG. 8 





US. Patent Jul. 7, 1998 Sheet 9 of 14 5,777,325 

l Partition 7% 
,,,,,,,,,,,,,,, ,, A 

/ V 
52mg??? é Source Region 

977 

’W{—A_“F"Z Fre§;' t _ _L_,____ L 
v /L ______ m1, _ / , 

An a/yzde 
Region 

ml 

% ‘——Y——’LE Er :/ zc'f?i?on %// Optics 



US. Patent Jul. 7, 1998 Sheet 10 0f 14 5,777,325 

E5 
lmmi 

8M5 gcgams 883mg 



US. Patent Jul. 7, 1998 Sheet 11 of 14 5,777,325 

2 6E 

PT @m mm a.‘ 

u 2)? )>>\ L<<( .WnSI 

_|.| l....l I4 _ _ 

u u \ 

rm W? WNW‘ _ _ a 

mu 6 Ti ||L_ 

__ : 

I 2 W "T 

Q 8 . 

q m 

l \mmBQ 

Q mm 6 m \i 

ll! \ \N m 

Ova. V QNQ 



US. Patent Jul. 7, 1998 Sheet 12 of 14 5,777,325 

TLF Enhanced Accuracy Pulse Waveform 

610 

Pulse Amplitude 

Pulse Duration 

FIG. 12 

TLF Enhanced Dynamic Focusing Waveform 

620 

Pulse Amplitude 

Pulse Duration 

FIG. 13 



US. Patent Jul. 7, 1998 Sheet 13 of 14 5,777,325 

HV HV HV 
R E, E2 

P 

1 IL IL I 
I H H | 

I c c c c 
030]: 3 4 5 6 

_ R E, E2 0 



US. Patent Jul. 7, 1998 Sheet 14 of 14 5,777,325 

AT /\ 
MFT 

LT 

LPD A 
LP 

EP 

m‘ J\ 

FIG. 15 

———————————————————— —- 61 

R3? §¢g MCP 1 ' l 
Ca 

R9 T MCP 2 

r'l-w ' l5W2 ANODE 
L _ J I 

R11 R10 

HVPSZ U1 

FIG. 16 



5.777.325 
1 

DEVICE FOR TIME LAG FOCUSING TIME 
OF-FLIGHT MASS SPECTROMETRY 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The invention is related to a Time Of Flight (TOF) Mass 

Spectrometry (MS). More particularly. the invention relates 
to time lag focusing in matrix assisted laser desorption time 
of ?ight mass spectrometry. 

2. Description of Related Art 
Laser desoprtion and MALDI-TOF are methods in which 

molecular weight of poorly volatile molecules can be deter 
mined. In laser desorption analysis samples are prepared as 
dried crystals upon a sample probe. For larger molecules 
(mw> 1000 Da. MALDI-TOF MS is the method of choice. 
Samples are prepared as solid state co-crystals or thin films 
by mixing them with an energy absorbing compound or 
colloid (herein after referred to as the colloid or the matrix) 
in the liquid phase. and ultimately drying this solution to the 
solid state. Matrix-analyte solid state products are irradiated 
using a pulsed laser source creating a two step phase 
transition: solid to liquid and liquid to gas. Desorption 
occurs during the liquid to gas change when a gaseous plume 
is emitted at supersonic velocity. Ionization is postulated to 
occur in all three phases. 

Within the ion optic or source region of the TOP MS. 
created ions are accelerated to some final velocity by the 
application of uniform. static electric ?elds. After achieving 
constant velocity. these ions are allowed to drift down a 
?xed distance in a ?eld-free analyzer region prior to striking 
a detector. The output of the detector is integrated at some 
duty cycle as a function of time with respect to the time of 
the irradiating laser pulse as sensed by the trigger photo 
diode. The molecular weight of an ion is then determined 
using the time-of-?ight expression in which: 

m/z=a(Tf-ra)2 (equation 1) 

Where: 

mlz: is the ion‘s determined mass to charge ratio 
Tf: is the total ?ight time of the ion 
to: is the time interval which exists between the triggering 

of the timing device and the acceleration of resultant 
ions 

a: is a constant which accounts for ion total kinetic energy 
and total ?ight distance 

The values for a and to are empirically determined by 
comparing the experimental tf for a number of well char 
acterized analytes with their respective rn/z. The determi 
nation of a and to calibrates the instrument and allows for 
more accurate mlz assignment. If calibration is performed 
while simultaneously analyzing an unknown sample 
mixture. an internal standard calibration is performed. If 
calibration is performed as a separate analytical run fol 
lowed by the analysis of unknown species. an external 
calibration is performed. Typically. internal calibration runs 
produce greater accuracy than their external counterparts. 
The latter is due to the ability to effect ?ne adjustments in to 
and a. as subtle differences in analytical conditions may exist 
from one analysis to the next. 

Fundamental problems in resolution and accuracy exist in 
current MALDI'TOF MS instruments. Resolution and accu 
racy in a MALDI-TOF MS is highly dependent upon the 
constant maintenance of the following factors for a given 
population of ions: 
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2 
1. Total Kinetic Energy (KEt) 
2. Total Flight Distance (dX) 
3. Total Flight time (Tf) 

m : (lQirETtE 
(11X)2 

[Git is the sum of a molecule’s initial kinetic energy. namely. 
that energy which the gaseous neutral or ion possesses upon 
desorption. and the imparted kinetic energy which is the 
direct result of an ion‘ s acceleration through an electric ?eld. 

For a moving neutral molecule or ion of mass m with a 
velocity of v. its kinetic energy is one half the product of m 
and v2 while for an ion of charge 2 passing through an 
electric ?eld of strength E. its kinetic energy is the product 
of z and E. Under these conditions. imparting kinetic energy 
to a species is dependent upon the ionization of a desorbed 
neutral and/or the desorption of an ion. If all ions of a given 
mass are formed at the same location within ?eld E. 
imparted kinetic energy can be tightly controlled using 
prudent instrument design. However because ionization 
occurs in solid. liquid. and gaseous phases. and because 
desorbed neutrals can ionize at various times and positions. 
an ion’s initial position within ?eld E is not constant and its 
imparted kinetic energy can not be controlled. This variation 
of imparted kinetic energy results in a loss of resolution and 
a corresponding decrease in m/z determination accuracy. 

While the imparted kinetic energy an ion receives is 
dependent upon the field strength of the TOP source region. 
an ion’s initial kinetic energy is directly related to one half 
the product of its mass and initial desorption velocity raised 
to the second power. It has been shown that for high 
molecular weight analytes. initial desorption velocities are 
approximately the same. Accordingly. initial desorption 
kinetic energy must increase with increasing ion molecular 
weight. This energy debt which exists between small and 
large analytes violates the constant maintenance of KEt and 
results in non-linearity of the time-of-?ight expression. 

For external standard measurements. nonlinearity in the 
time-of-?ight expression introduces uncertainty or error in 
mlz determination for unknown analytes. The measured mlz 
of an unknown may be less than the actual mlz depending 
upon the mass difference between the unknown and the 
calibration species (see FIG. 2). If the unknown is heavier 
than the calibrants. the determined mlz will be less than the 
actual value because the calculated slope of the calibration 
function is less than it should be. Additionally. if the 
unknown is lighter than the calibrants. the determined mlz 
will be less than the actual value because the calculated 
slope of the calibration function is greater than it should be. 

Nonlinearity may be described by using a polynomial 
expression whose coe?icients are empirically derived using 
analytes of known molecular weight. But it can not be 
corrected while measuring very large molecules. such as 
proteins. glycoproteins. and polyoligonucleotides. for cali 
brants in this molecular weight range have yet to be well 
characterized. Consequently. there is risk of error in using 
published linear TOF expressions to determine mlz for very 
large molecules. 

Another fundamental problem of MALDI-TOF MS 
involves multipath of desorbed analytes. Prior to 
acceleration. gas plume molecules (neutrals or ions) of a 
given mass m are emitted in a variety of directions during 
desorption. Not all of these molecules are colinear or coaxial 
with respect to the desired ?ight path (the desire ?ight path 
is de?ned as the ?ight path de?ned by the shortest line 
segment which is perpendicular to both the sample present 
ing and ion detecting surfaces). Consequently. all molecules 

(equatiorlZ) 
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do not have the same initial velocity with respect to the 
desired ?ight path. Moreover. in addition to multipath 
contributions. not all of the ions for a given m/z have the 
same speed regardless of their direction. 
This distribution of initial velocities results in a coincid 

ing distribution of kinetic energy (U0) for a given m/z 
species . In order to improve resolution and accuracy for a 
given mlz. it is necessary to narrow the distribution of U0. 
The width of an ion’s Uo distribution is directly related to its 
mass. So larger ions have greater U0 energy distribution 
widths than lighter ions. Such distributions of U0 results in 
a loss of resolution and m/z determination accuracy. 

Referring back to Equation 2. dX is the total distance 
which a desorbed ion will ?y as it travels from the sample 
presenting surface (probe) to the detector. Variations in dX 
OCCUI' in radial and axial fashion. Radial variations are due 
to the omnidirectional expansion of the desorption plume. 
Axial variations are caused by omnidirectional gas plume 
expansion. di?’erences in cocrystal size. sample-matrix ?lm 
thickness. probe topography. and probe-ion optic engage 
ment. As with variations in KEt. variations in dX also reduce 
resolution and m/z determination accuracy. 

In equation 2. Tf is the time interval existing between 
desorption and detection of an ion. First principle. temporal 
variations in Tf occur due to: non-instantaneous desorption 
of ions or neutrals; simultaneous desorption of ions and 
neutrals; and variations in neutral axial position at their point 
of ionization. Other changes in 'l‘f are due to variations in 
?ight trajectory and dilferences in KEt for a given popula 
tion of molecules. Instrumental parameters such as jitter or 
variability in digitizing duty cycle will also contribute to 
uncertainty in Tf. Uncertainty in Tf results in a loss of 
resolution and m/z determination accuracy. 

Typically. MALDI-TOF MS is performed using constant. 
DC extraction of desorbed ions. During this process. an ion 
accelerating ?eld is present during the desorption/ionization 
process. Consequently. ions of a given m/z which are ejected 
with di?ierent initial velocities. or formed at different initial 
locations. or formed at different times are respectively 
accelerated to dilferent ?nal velocities. or see di?’erent 
acceleration potentials. and have different total ?ight times. 
Clearly. non~u niformity of ?ight time hinders resolution and 
measurement accuracy. 
Time Lag Focusing MALDI-TOF MS (TLF MALDI 

TOF MS) functions to improve resolution and accuracy by 
uncoupling desorption/ionization from acceleration. 
Desorption/ionization is allowed to occur under isopotential 
conditions Without an accelerating ?eld. Field free drift of all 
formed ions and neutrals is allowed to proceed for some 
period of time T1 (lag time). T1 is chosen to be long enough 
to allow for proper focusing at a given ejection pulse 
potential. while being short enough to prohibit the fastest 
ions from drifting out of the ?eld free region or the desorp 
tion cloud to radially expand out of the ion optic acceptance 
angle. Typical Tl periods range from several hundred nano 
seconds to up to ?ve microseconds. 
Under TLF circumstances. ions ejected with different 

initial velocities. ions ejected at diiferent times. or ions 
traveling along different paths will travel di?‘erent axial 
distances within the ?eld free region. Additionally. neutrals 
converted to ions at di?’erent times will assume axial posi 
tions solely dependent upon their velocities and will 
not see any ionization dependent di?erences in acceleration. 
Upon the expiration of T1. a constant ion ejecting high 

voltage pulse. typically square wave in nature. is applied to 
create a focusing ?eld where the ?eld free region existed. 
The strength of the focusing ?eld is chosen to create a 
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potential field gradient which di?'erentially accelerates ions 
of identical m/z. Di?’erential acceleration is achieved by 
virtue of the fact that ions located at ditferent regions within 
the ?eld see dilferent ?eld potentials. Slow moving or late 
forming ions see higher ?eld potentials while fast moving or 
early forming ions see lower ?eld potentials. The gradient is 
adjusted so that the previous population of ions catch up 
with the latter population at the point of detection. 

In addition to compensating for differences in initial 
energy spread. TLF can also somewhat compensate for 
diiferences in initial position or desorption time frames. 
However. it can not compensate for energy spread 
among similar ions of di?‘erent positional or temporal 
frames. 

In spite of the desireablility of TLF in analysis of large 
molecules. a number of serious shortcomings remain. Chal 
lenges associated with instruments currently available 
include nonoptimized dual TLF and DC ion optic design; 
limited dynamic resolution enhancement range for a given 
ion ejection pulse; nonoptirnal coupling of ion ejection 
pulses to ion optic elements; undesired ejection pulse divi 
sion among ion optic elements; inability to compensate for 
differences in total kinetic energy among ions of different 
mass; the use of high resolution detectors with poor sensi 
tivity for large molecular Weight species; and a nonoptimal 
incorporation of x-y-z movable sample stages for standard 
MALDI as well as membrane and gel-based sample analy 
sis. 

While TLF as explained herein describes resolution 
improvement for a given species of m/z. nothing was said 
about the mass range over which a given. constant ion 
ejection pulse amplitude would focus and not unfocus 
liberated ions. This mass range is taken to be the TLF 
focusing dynamic range. Since the kinetic energy spread of 
a population of dilferent ions will be directly proportional to 
the mass of these ions. it can be seen that no single. constant 
pulse amplitude will optimally focus all ions within a 
divergent population. These conditions may exist during the 
analysis of complex mixtures such as protein enzymatic 
digests. whole cell lysates. or greatly dispersed organic 
polymer mixtures. It may be necessary to perform an initial 
analysis using DC extraction followed by an array of dif 
ferent TLF analyses which are ultimately combined to form 
a composite mass spectrogram. Thus. for optimal analysis of 
large molecules a dual function DC/l'LF system would 
prove tremendously useful. 

Also useful in the analysis of large molecules would be a 
TLF-DC source design providing extended TLF dynamic 
focusing range. Extended range would allow for easier 
determination of various qualitative/quantitative values such 
as mean molecular weight. mean molecular number. and 
polydispersity often desired during the analysis of complex 
organic polymer mixtures. 

Current TLF instrument designs incorporate direct cou 
pling of a pulsing device (pulser) or high speed switching 
between diiferent power supplies as a means of generating 
ejection pulses within ion optic assemblies. Direct coupling 
of a pulser to ion optic elements raised at high potentials 
requires the ground plane of the pulser to be electrical 
?oated to the potential of the source. Not only is this a 
cumbersome process but it also leads to instability in pulser 
operation. Typically. switching within such pulsing devices 
is accomplished though the use of high voltage Field Effect 
Transistors (FETs). These FETs are exquisitely sensitive to 
excess potential differences which can occur during high 
voltage arcing episodes. Floating a pulser at very high 
potentials increases the possibility of arcing between the 
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pulser and the instrument ground plane. A single high 
voltage arc could render the pulser nonfunctional. Clearly. 
this approach fails to provide a reliable instrument. What is 
needed is a reliable coupling of the pulser and ion optic 
elements. 

In high speed switching con?gurations. di?erent source 
element potentials are created by using di?erent high volt 
age power supplies. Isopotential conditions maintained dur 
ing the lag period are then the result of setting two di?cerent 
high voltage power supplies to the same setting. The accu 
racy of such high voltage power supplies are no better than 
i0.l%. Consequently. an isopotential plane of 20 kV may 
actually see as a potential difference as large as 40 volts. 
introducing unwanted and inconsistent ion acceleration dur 
ing the lag period. and resulting in attendant losses in 
resolution and accuracy. 
The ejection pulse in high speed switching systems is 

created as one of the source elements in the isopotential 
plane is rapidly switched to the output of a high voltage 
power supply set at a voltage which is greater than the 
potential of the isopotential ?eld. Because this switching 
event is not instantaneous. isopotential conditions are tem 
porarily interrupted and ions are accelerated in an unwanted 
?eld prior to application of the ejection pulse. Such pertur 
bations may be constant but nevertheless add to the com 
plexity of the TLF measurement process and may ultimately 
limit resolution and accuracy. Additionally. because the 
herein described method involves switching to a new DC 
level. no true ejection pulse is created. Such a direct coupled 
approach does not easily lend itself to alterations in applied 
ion ejection potential or wave form as a function of time. 

Electrically speaking. a DC or TLF ion optic assembly 
can be modeled as a series array of capacitively coupled 
plates. For a series assembly of capacitors coupled to an 
electrical pulse. the voltage drop across each capacitor is 
inversely proportional to the capacitance of the element in 
question. For the majority of a given TLF ion ejection pulse 
to be dropped in the source isopotential region. the capaci 
tance of the isopotential region must be much. much less 
than the capacitance of the remaining source regions. If this 
is not the case. unwanted pulse voltage division will occur 
across all stages of the source assembly. resulting in less 
than optimal ion spatial and temporal focusing performance. 
minimizing attainable resolution and m/z accuracy. No solu 
tion to this problem has been put forward. 

Avoiding such pulse related voltage division is also 
important during the employment of pulsed de?ection ?elds 
which typically act as ion gates. Under these conditions. 
pulses from ion gate ?elds need to be minimally coupled to 
source acceleration optic elements just as pulses from the 
acceleration optic elements need to be electrically isolated 
from ion gate elements. Current solutions have focused upon 
ion guide technology or altered system detector duty cycles. 
No solution is yet completely satisfactory. 

Ion gating by means of ion guide technology selectively 
applies ion trajectory desabilizing electrical pulses upon a 
predetermined region of a multi-stage ion guide assembly. 
As undesired ions approach the gating stage. a trajectory 
desabilizing pulse is applied. When these ions see this pulse. 
their trajectories are altered so that they do not strike the 
system detector. 
The ion guide gating stage is typically several centimeters 

in length and acts as an excellent antenna when pulsed. 
Consequently. transient changes in the system‘s ground 
plane and other components due to capacitive coupling 
during pulse rise and decay periods occur. The latter perturbs 
ion guide e?iciency in non-pulsed regions which may result 

20 

30 

35 

45 

55 

65 

6 
in loss of resolution. accuracy. and sensitivity. Additionally. 
capacitive coupling with the detector anode may be 
observed. creating artifactual peaks on the data system. 
Solutions to these instrument performance challenges are 
actively sought. 

Detector conversion dynamic range may also be pre 
served by prohibiting the conversion of unwanted ions. such 
as matrix ions. Some current MALDI TOF instruments 
selectively gate the detector voltage so that conversion 
surfaces are elevated to amplifying potentials only when 
ions of interest are present. This avoids electron depletion 
often seen during the conversion of matrix signal. improving 
sensitivity for species of interest. However. the resistance 
(2-100 megohm) and capacitance (1-1000 picofarad) of 
dual MCP assemblies are such that ampli?cation rise times 
are typically 2-500 microseconds. Such rise times establish 
the minimum ?lter duration. minimizing ion selectivity in 
such ?ltering schemes. 

Problematic in current TOF analysis is correction for the 
hereinabove described debt in total kinetic energy which 
occurs with increasing sample molecular weight. Also prob 
lematic is the compromise typically made in which detector 
high speed response is chosen over detector sensitivity for 
high molecular weight analytes. In MALDI-TOF MS. ion 
detection is typically achieved through the use of electron 
multiplier (EMP) or microchannel plate (MCP) technology. 
Because the overall response time of MCP’s out performs 
that of EMP's. MCP‘s are the preferred solution. The 
e?iciency at which an MCP converts an ion to many 
electrons is known as the conversion e?iciency. Typical 
MCP conversion e?iciencies for small ions has been shown 
to be 103—104 per plate. For the most part. two MCP 
assemblies are used in series to provide a total gain 
approaching 108. 
MCP conversion e?iciency has been shown to be 

inversely proportional to ion molecular weight. 
Consequently. the sensitivity for high molecular weight ions 
is typically far worse than that for low molecular weight 
ions. In an e?ort to correct for this disparity. prior art teaches 
the use of secondary ion generators or conversion dynodes 
(see FIG. 4). When large primary ions collide with a 
secondary ion generator. smaller. more easily converted 
secondary fragment ions (M-n+H). neutrals (n) and/or sput 
tered product ions (Cu+) are created which are ultimately 
accelerated to the MCP conversion surface. Similarly. when 
large primary ions collide with a conversion dynode. smaller 
secondary ions are sputtered oif the dynode surface and 
accelerated towards the MCP conversion surface. 

Current approaches of merely positioning secondary ion 
generators and conversion dynode surfaces a su?icient dis 
tance from MCP conversions surfaces to avoid electrical 
arcing and other perturbations introduce secondary or prod 
uct ion multipath which limits system resolution. Moreover. 
differential post acceleration as well as the initial velocity 
dilferences of non incident parent ions. intact incident parent 
ions. secondary fragment ions. and sputtered ions are also 
large enough to seriously limit system resolution. To correct 
these di?iculties. high resolution MALDI-TOF MS systems 
have employed detector systems without secondary ion 
generators or conversion dynodes to avoid this situation. 

Sample in gel and membrane form challenge current 
sample presentation devices. DC andTLF MALDI-TOF MS 
instruments may often use an x-y-z sample stage as the ?rst 
element in the ion optic array. For the most part. actuation 
devices for these sample stages have been designed to 
accurately position the stage at the proper orientation with 
respect to the next ion optic element. typically an extractor. 
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However. problems arise in the analysis of samples sup 
ported by membranes or polymeric gels. 
Membrane or gel supported samples provide positional 

and energetic uncertainty when they are placed on the 
surface of a sample stage. The use of adhesive tape or glues 
to ?x gels or membranes to the stage do not satisfactorily 
?atten the gel or membrane. The resulting positional uncer 
tainty violates the constant maintenance of dX. and reduces 
resolution and accuracy. Glues and tapes. moreover. as well 
as irregularities within a given gel or membrane thickness 
and composition. introduce dielectric variation creating non 
uniformity in electrical clamping. uncertainties in imparted 
kinetic energy and aberrations in temporal/spatial focusing 
dynamics—all of which reduce resolution and accuracy. 
What is needed is a sample presentation device that provides 
satisfactory presentation of gel and membrane samples. 
A further complication introduced by the use of adhesive 

pastes or tapes is released gas which is a direct consequence 
of the adhesives vapor pressure creating outgassing in an 
ultrahigh vacuum environment. This released gas will create 
a localized increase in the number of gas molecules at the 
region of desorption. This. in turn. increases the frequency 
of collision between desorbed sample species and back 
ground gas molecules. Results are a broadened initial kinetic 
energy distribution and an increased ion multipath—both 
undesireably decreasing resolution and accuracy. 

Focusing ?eld distortion is another challenge of current 
x-y-z stage design. Current x-y-z sample stage edges are 
precipitous and ?at with respect to the rest of the sample 
stage surface. thereby defocusing and distorting acceleration 
?elds at the stage’s edges. This limits the usable surface of 
the sample stage to only that portion which maintains 
parallel or focusing electrical ?elds. Depending upon several 
other ion optic characteristics. as much as several millime 
ters to a few centimeters may be lost per sample edge. 
seriously limiting sample throughput and analyzable sample 
size. What is needed is a stage that fully optimizes usable 
sample presentation surface area. 

In sum. what is needed is an apparatus that provides: 
optimized dual TLF and DC ion optic design; increased 
dynamic resolution enhancement range for a given ejection 
pulse; optimal coupling of ion ejection pulses to ion optic 
elements; suppression of undesired ejection pulse division 
among ion optic elements; compensation for di?erences in 
total ln'netic energy among ions of different mass; the use of 
high resolution detectors with good sensitivity for large 
molecular weight species; and a optimal incorporation of 
x-y-z movable sample stages for standard MALDI as well as 
membrane and gel-based sample analysis. 

BRIEF SUMMARY OF THE INVENTION 

The invention taught herein provides a laser desorption 
ionization method of and instrument for measuring the 
molecular weight of large organic molecules includes a time 
of ?ight mass spectrometer ('I‘OF MS). The TOF MS pro 
vides optimized optic design for both DC and TLF modes. 
The invention further provides dynamic resolution enhance 
ment for a given ejection pulse. along with optimized ion 
ejection pulses relative to the ion optic elements. The 
invention also provides means for compensating for diifer 
ence in total kinetic energy among ions of different mass; 
high resolution detection means for improved sensitivity for 
large molecular weight species. The invention further pro 
vides x-y-z stage for sample presentation of both standard 
MALDI and gel or membrane based samples. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings. which are incorporated in 
and constitute a part of the speci?cation. schematically 
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8 
illustrate a preferred embodiment of the invention. and. 
together with the general description given above and the 
detailed description given below. serve to explain the prin 
ciples of the invention. 

FIGS. 1A and 1B inclusive schematically illustrate a time 
lag focusing MALDI TOF MS according to the present 
invention. 

FIG. 2 illustrates the non-linearity of ?ight as it expresses 
itself in the error in m/z calibration for analytes. 

FIG. 3 schematically illustrates a time lag focusing cou 
?guration according to the present invention. 

FIG. 4 (prior art) illustrates MCP detector with Cu+grid. 
FIG. 5 is a ?ow chart depicting the sequence of various 

steps of operation of the instrument of FIG. 1. 
FIG. 6 is a representation of the preferred embodiment of 

the DC 'I'LF optic as taught in the invention. 
FIG. 7 is a schematic of the ion optic assembly depicted 

in FIG. 1. featuring ion acceleration elements according to 
the present invention. 

FIG. 8 is a representation of an alternate embodiment of 
one inventive aspect relating to x-y-z stage sample presen 
tation as depicted in FIG. 7. 

FIG. 9 is a schematic of source region. including ion 
acceleration and ion gate elements. of the apparatus of FIG. 
1. 

FIG. 10 is a perspective view of the source region of FIG. 
9. 

FIG. 11 is a schematic of electrical con?guration of 
acceleration ion optics according to the present invention. 

FIG. 12 is a representation of descending wave pulse at 
R1 according to the present invention. 

FIG. 13 is a representation of TLF enhanced dynamic 
focusing waveform according to the present invention. 

FIG. 14 is a schematic of effective capacitance contribu 
tion of source acceleration of high voltage cable. 

FIG. 15 is a representation of preferred operational cas 
cade for optimized DC/TLF MALDI-TOF system according 
to the present invention. 

FIG. 16 is a representation of the detector means as taught 
in the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

‘The invention taught herein solves the previously men 
tioned shortcomings of currently practiced TLF or DC 
MALDI-TOF MS systems. The invention provides an 
instrument for measuring the molecular weight of large 
organic molecules comprising a MALDI TOF MS with time 
lag focusing and including improvements to source ion optic 
design. source high voltage systems. modes of delivering ion 
ejection pulses. pro?les of ion ejection pulses. system opera 
tion integration. system detector design. and introduction 
platform for both standard and membrane based samples. 

Referring now to FIG. 1. a schematic of the 'I‘LF MALDI 
TOF MS. denominated instrument 20 therein. Instrument 20 
includes a generally cylindrical ?rst vacuum chamber 22 
forming. having end ?anges 24 and 26. Chamber 22 may 
referred to as a time of ?ight tube. a ?ight tube or a drift tribe. 
Chamber 22 is provided with means (not shown) such as a 
mechanical roughing pump and two high vacuum pumps 
such as a turbomolecular pump for establishing a pressure of 
10-7-10"8 torr therein. One pump is coupled with the 
sources of the instrument. the second pump is coupled with 
the analyzer portion. Mounted on end ?ange 24. is a second 


















